1. Introduction {#sec1}
===============

Researchers at the forefront of advances in technology have always had the flow-on benefits of being able to apply that technology in addressing previously unresolvable key concerns in biology and other disciplines. These findings may, in turn, stimulate the next wave of technological advances or refinements, resulting in further research and development in resolving particular ill-defined issues of interest. One such example of a vital juxtaposition is the role played by the commercial development of multiphoton microscopy (MPM) for human studies in the assessment and, ultimately, the regulatory approval of the nano-sized and transparent zinc oxide sunscreens, which we present here as a case study. We emphasize that this is only one of many examples of how this commercial MPM has been used. Noninvasively obtaining optical images at various depths of intact skin on humans using MPM is known as multiphoton tomography (MPT). König et al. have pointed out that unique tomographs for more than 2000 patients and volunteers have been obtained in Europe, Australia, and Asia and that the next wave of technology has begun with femtosecond laser nanoprocessing microscopes now being employed for targeted delivery and deposition in body organs, optical transfection, optical cleaning of stem cells, tracking of microRNAs, and imaging of human corneas.[@r1]

The significance of the findings reported in this case study is emphasized by the role played by sunscreens in preventing photo-aged skin, sunburn, and the various sun-induced skin cancers. In the United States alone, about 9500 people are diagnosed with skin cancer every day, and it is estimated that nonmelanoma skin cancer, including basal cell carcinoma and squamous cell carcinoma, affects more than 3 million Americans a year.[@r2] These have had an average annual treatment cost of \$8.1 billion for the $\sim 4.9$ million US adults affected. As the most preventable risk factor for all skin cancers is exposure to UV light, the American Academy of Dermatology encourages individuals to use a broad-spectrum, water-resistant sunscreen with a sun protection factor (SPF) of 30 or higher to protect their skin from the sun's harmful UV rays.

Of the available sunscreens, only zinc oxide provides effective protection across the UV band range of 240 to 400 nm, covering UVC (240 to 280 nm), UVB (280 to 320 nm), UVA 2 (320 to 340 nm), and UVA 1 (340 to 400 nm).[@r3] It is therefore of special interest to optimize and improve its action as a sunscreen suitable for everyday use. The use of any consumer product raises the question as to whether it is safe; as a result, there have been careful and extensive evaluations by regulatory authorities to prove safety. For instance, the European Union Commission that regulates cosmetics evaluated topical zinc oxide safety and concluded in 2003 that "in general, zinc oxide may be considered as a nontoxic substance, including when used in cosmetic products" but there was some concern in "the risk assessment of micronized ($\sim 0.2\text{  }\mu m$) zinc oxide, which may be coated by other compounds, and which is used as an ingredient in sunscreen formulations" and for which "findings need to be clarified by appropriate investigations *in vivo*," noting that "there is a lack of reliable data on the percutaneous absorption of micronized zinc oxide."[@r4] Not long after this, concerns were raised about the safety of nanoparticles, including nanoparticle-based sunscreens, which had the advantage over existing opaque inorganic sunscreens of also being transparent.[@r5]

We became involved in MPM imaging of zinc oxide on human skin as a result of our initial *in vitro* studies on nano zinc oxide skin penetration through human skin[@r6] and began using MPM to study nanoparticulate zinc oxide penetration through human skin *in vivo*. We first presented our initial findings at an FDA public forum in 2006.[@r7] Here, we document the MPM studies that we and others have undertaken over the last ten years with the *in vivo* CE-certified medical tomograph DermaInspect^®^ system \[see [Fig. 1(b)](#f1){ref-type="fig"}\], developed by Karsten König of JenLab, to show that zinc oxide nanoparticles (ZnO NPs) do not penetrate human skin. We describe the imaging of ZnO NPs via different methods:[@r9][@r10][@r11][@r12][@r13]^--^[@r14] (1) fluorescence imaging using spectral filters, (2) fluorescence lifetime imaging microscopy (FLIM) analysis of fluorescence lifetimes $\tau_{1}$ and $\tau_{2}$, (3) second harmonic generation (SHG) and hyper-Rayleigh scatter (HRS), (4) multiphoton excited photoluminescence (MEP) defined by the FLIM fluorescence lifetime amplitude $a_{1}\%$, and (5) photoluminescence offset. We also show through stained and MPM-imaged cyrosections of human skin that zinc ions, generated on the breakdown of ZnO NPs, penetrate into viable skin. Further, we describe our use of MPM to assess possible morphological changes in the morphology and redox state of the viable epidermis in the assessment of the possible direct viable epidermal toxicity of nanoparticulate zinc oxide.

![Essentials of MPM-spectral-FLIM skin imaging. (a) Emission spectra for main endogenous fluorophores in the skin and for nano zinc oxide. (Redrawn with permission from Ref. [@r8].) (b) Skin imaging using the DermaInspect^®^ system in the Therapeutics Research Center at University of Queensland (UQ). (c) Typical high-resolution image of viable epidermal cells after acriflavine treatment with the DermaInspect^®^, color-coded to visualize mean fluorescence lifetime, $\tau_{\mathit{m}}$. Scale bar is $40\text{  }\mu m$. (d) Schematic of detectors in the DermaInspect^®^ based at UQ.](JBO-025-014509-g001){#f1}

2. Noninvasively Imaging Human Skin with MPM {#sec2}
============================================

MPM has proven to be the method of choice for human skin imaging. A key limitation in using conventional fluorescence and confocal microscopy for *in vivo* imaging of tissues is the potential UVA-induced photodamage for near-infrared radiation wavelengths below 650 nm. Much less damage may be anticipated with MPM as the out-of-focus region will generally be unaffected by low energy photons from low power, femtosecond (fs) laser pulses at wavelengths greater than 650 nm. While there remains a possibility of adverse photodamage in the tiny focal volume where the nonlinear absorption occurs, Fischer et al.[@r15] suggested that the risk of damage for femtosecond infrared radiation in human skin imaging is negligible and not increased by multiple imaging. They recommend the avoidance of multiple imaging of the identical area within a 3- to 6-month period and a limit of 10 exposures to the same area in a lifetime to keep the local tumor risk to a minimum. UVA radiation under imaging conditions is much less than 0.5% and an order of magnitude less than the natural exposure risk of 3% to 10%, for instance, in the neck area.

An additional advantage in imaging at $> 650\text{-}{nm}$ near-infrared radiation wavelengths is there is an increased depth of tissue penetration of up to about 1350 nm where water strongly absorbs light and attenuates the radiation. Consequently, there is an effective near-infrared window in biological tissue (also known as the optical window) from 650 to 1350 nm. This window is also associated with the greatest depth of light penetration in tissue, low one-photon absorption, and low scattering coefficients for unstained cells and tissues. A range of endogenous skin fluorophores (NADH, melanin, keratin, flavin, and collagen) show either two photon fluorescence or SHG, enabling imaging without the use of external staining agents \[[Fig. 1(a)](#f1){ref-type="fig"}\]. Studies by König and others have suggested that multiphoton biopsies provide the highest resolution of all *in vivo* tissue imaging techniques. The MPM has a high signal depth, enables optical sectioning within seconds, and has a high sensitivity as a result of pinhole-free single photon counting, with a $< 0.5\text{-}\mu m$ lateral resolution and 1- to $2\text{-}\mu m$ axial resolution, giving high quality noninvasively acquired viable epidermal images[@r16] \[[Fig. 1(c)](#f1){ref-type="fig"}\].

The range of endogenous fluorophores in human skin provides both an opportunity and challenge in the imaging of exogenously applied solutes. The advantage is that they allow the detailed morphological structure of the various skin layers to be seen by noninvasive multiphoton imaging. [Table 1](#t001){ref-type="table"} shows that various endogenous solutes in the skin have varying excitation and emission wavelengths. In principle, both could be modified to correspond to the maximum absorbance and emission for a given compound to give a selective measurement of that compound relative to others. In ophthalmic imaging, it is common to vary the excitation wavelength ($\lambda_{ex}$) of fluorescein, to separate the fluorescein from its glucuronide as both have a similar emission wavelength ($\lambda_{em}$) but have differing single-photon excitation wavelengths (fluorescein $\lambda_{ex}$ 457.9 nm; fluorescein glucuronide $\lambda_{ex}$ 488.0 nm) and use the differences in the total fluorescence to quantify each moiety.[@r18] In our work, we modified the DermaInspect^®^ to include a filter wheel \[[Fig. 1(d)](#f1){ref-type="fig"}\] in which various emission bands are used in an imaging process often referred to as MPM spectral imaging. This has allowed us to keep the excitation wavelength constant and, in noninvasively imaging human skin over various emission wavelength bandwidths, to rapidly and easily acquire both z-stack and/or temporal images. An illustration of the use of spectral bandwidths to selectively quantify various endogenous and exogenous fluorophores is shown in [Fig. 1(a)](#f1){ref-type="fig"}. Here, it is observed that that the spectra of two endogenous fluorescent antioxidants in the viable epidermis, NAD(H)P and FAD, do not overlap, with $\lambda_{em}$ of 440 nm (NADH-protein), 460 nm (NADH-free), and 530 nm (FAD) ([Table 1](#t001){ref-type="table"}), and can be imaged using a 410 to 490 nm and a 510- to 560-nm bandpass filter, respectively.[@r19] Importantly, as discussed in the next section, the autofluorescence of nanoparticulate zinc oxide occurs at a lower emission wavelength, allowing it to be quantified using an emission filter with a wavelength band of $380 \pm 20\text{  }{nm}$, without signal interference from the endogenous viable epidermal fluorescence.

###### 

MPM maxima values for endogenous fluorophores of the skin and ZnO NP (recreated with permission from Ref. [@r17]).

  Component       Excitation wavelength (nm)   Emission wavelength (nm)   Fluorescence lifetime (ns)
  --------------- ---------------------------- -------------------------- ----------------------------
  NAD(P)H free    720 to 760                   460                        0.3
  NAD(P)H bound   720 to 760                   440                        2.0 to 2.3
  FAD             860 to 920                   530                        5.2
  Keratin         720 to 800                   420 to 580                 0.4-2.3
  Elastin         860 to 880                   420 to 460                 0.2/2.5
  Collagen        860 to 900                   430 to 450                 0.3/2.0
  Melanin         720 to 760, 920              440, 520, 575              0.1/1.9/8.0
  ZnO NP          710 to 840                   370 to 600                 $> 0.15$

The fluorescence of the viable epidermal endogenous fluorophores, also referred to as autofluorescence, allows visualization of the detailed morphological structure of the various skin layers and any changes caused by external chemicals to be seen by noninvasive multiphoton imaging. For instance, Jung et al.[@r20] used MPM autofluorescence to measure viable epidermal cell density, keratinocyte size, and nucleus-to-cytoplasm ratio in stratum granulosum and stratum spinosum in the *in vivo* characterization of viable epidermal structural changes after topical application of glucocorticoids in healthy human skin.

All fluorophores have a second characteristic that may be used to characterize them and to distinguish them from other endogenous fluorophores, their fluorescence lifetime. Shown are the representative photon counts over time for NAD(P)H in the viable epidermis \[[Fig. 2(a)](#f2){ref-type="fig"}\] and for zinc oxide on the stratum corneum (SC) \[[Fig. 2(b)](#f2){ref-type="fig"}\] using the Mai Tai excitation laser (85-fs laser pulse width, 80-MHz repetition rate, incident optical power of 20 and 30 mW in SC and epidermis, respectively) on our DermaInspect^®^ MPM. These, in turn, can be used to define fluorescence decay curves and a mean fluorescence lifetime,[@r21] which can be mapped to individual pixels within the image, as shown in [Fig. 2](#f2){ref-type="fig"}. Various lifetimes for viable epidermal endogenous fluorophores and ZnO NPs are also shown in [Table 1](#t001){ref-type="table"}. It is evident that ZnO NPs have a much longer fluorescence lifetime than the various viable epidermal endogenous fluorophores; however, the fluorescence lifetime measured has been shown to be a function of the shape and surface chemistry of the ZnO NPs, which gives rise to a range of reported values from less than 1 ns up to $3\text{  }\mu s$.[@r22]

![MPM of the viable epidermis determining fluorescence lifetimes of endogenous and exogenous solutes. Images of mean fluorescence lifetime, (left) $\tau_{\mathit{m}}$, with (right) corresponding color-coded histogram of (a) NAD(P)H in normal control skin and (b) zinc oxide nanoparticles applied to normal skin (blue regions in the furrows). (right) Graph of photon counts within (left) the pixel marked by cross-hair in the image, over time in the 10 ns between the 85-fs laser pulses.](JBO-025-014509-g002){#f2}

The coupling of MPM with FLIM as an imaging modality has revolutionized the way one can noninvasively probe skin physiology and pharmacokinetics in health and disease. It has allowed a direct visualization of dermal structures via endogenous fluorescent biomolecules, such as keratin, elastin, melanin, porphyrins, and collagen and measurement of cellular metabolism via NAD(P)H and FAD,[@r1]^,^[@r16]^,^[@r23] as well as differentiating drugs from their metabolites at a given fluorescence excitation wavelength and emission band, e.g., fluorescein from fluorescein glucuronide.[@r21] In skin research, MP-FLIM has been used to investigate the metabolic status of patients with dermatitis,[@r24] early detection of malignant melanoma,[@r25] collagen and elastin response to cosmetic products,[@r26] metabolic response to chemotherapy,[@r27] and chronic wounds,[@r28] as well as the accumulation of sunscreen nanoparticles in humans.[@r9][@r10][@r11][@r12]^--^[@r13]^,^[@r29][@r30][@r31]^--^[@r32] An obvious disadvantage in having endogenous fluorophores present in human skin is that they can potentially interfere with the fluorescence from any externally applied solute. Unfortunately, only a limited number of topically applied pharmaceutical compounds have a fluorescence signal suitable for use with MPM, with zinc oxide being one. As a result, most studies involving the use of MPM in drug delivery assessments have been limited to modeling fluorescent compounds.[@r33][@r34]^--^[@r35]

3. Nanoparticulate Zinc Oxide Sunscreen Development and Safety Issues {#sec3}
=====================================================================

In the early 2000s, the expanding field of nanotechnology provided many opportunities for pharmacological agents and adjuvants. Around the same time, companies started producing a nanoparticulate version of zinc oxide that was very appealing for sunscreen use. The formulations incorporating ZnO NPs resulted in a colorless, transparent, and aesthetically acceptable appearance when applied to the skin, unlike the chalky white film on the skin that had made zinc sunscreens unpopular among consumers. Like any new cosmeceutical ingredient, the safety and efficacy of these nanoparticles had to be established before consumer groups and regulators would endorse their use. The regulatory bodies assessing any product, including nanoparticles, objectively look at two critical aspects. To be a hazard, the substance must be both absorbed and possess inherent irritant or toxic properties.[@r36] The assessed risk for a hazard estimates the probability of an adverse effect plus its severity and duration under exposure conditions that relate to local versus systemic effects for humans and the environment. Thus, studies on ZnO NP sunscreen penetration into human skin *in vivo* needed to be performed, and the possibility of damage to the local viable epidermis as well as possible penetration into the systemic circulation needed to be assessed.

Skepticism of the human use of sunscreen nanoparticles arose, in part, from the release of a report by Friends of the Earth entitled "Nanotechnology & Sunscreens: A consumer guide for avoiding nano-sunscreen." This report used a color-coded alert system to warn consumers against nanoparticle-containing products, with selective, often unverified, and inflated interpretations of the findings to that date.[@r5] At that time, we published our first *in vitro* study demonstrating that ZnO NP-containing sunscreens did not penetrate into human skin.[@r6] However, these studies used aqueous receptor solutions in which ZnO NPs are essentially insoluble and an indirect determination of zinc concentrations with inductively coupled plasma-mass spectrometry was used as a measure of ZnO NP concentration. Transmission electron microscopy showed that all of the applied ZnO NPs were either on or within the superficial layers of the SC after topical application. These methods of assessing skin penetration of the nanoparticles were time consuming and ultimately limited by not being able to quantify ZnO NPs as an intact moiety. Not long after, Faunce et al.[@r37] promoted a precautionary principle restricting the use of inorganic nanoparticle sunscreens, largely because there was a dearth of data proving their safety.

In addition, a pivotal confocal microscopy study entitled "Penetration of Intact Skin by Quantum Dots with Diverse Physicochemical Properties"[@r38] raised questions about the safety of nanoparticles as this study showed extensive penetration of uncharged, anionic, or cationic nanoparticles down to the dermis after topical application. However, the type of skin used in the study was not defined in the title, and the findings in weanling pig skin were equated to what may happen in human skin. However, 8- to 12-week old pigs have a high follicular density,[@r39] six to eight times compared with normal human skin; the follicles act as conduits for the permeability of the quantum dots. Thus, young pig skin can be considered $\sim 100$ times more likely to take up nanoparticles than human skin, unlike small molecules, where adult pig skin have been used extensively in testing due to equivalence to human skin. Further, the quantum dots used had diameters of $< 12\text{  }{nm}$, about one-third less than an individual typical ZnO NP used in sunscreens,[@r6] but ZnO NPs are most often found in aggregates of $\sim 150\text{  }{nm}$. Second, the quantum dots were applied to the skin in the manufacturer supplied vehicle, where the pH of solution was alkaline and may increase skin penetration of quantum dots. We then used laser-scanning fluorescence confocal microscopy to show that the neutral quantum dots (PEG-QD) penetrated into the viable epidermis of human skin after surface application to the SC at pH 8.3 but not at pH 7.0.[@r40] We also found that neither the anionic or cationic quantum dots penetrated human skin at pH 7.0 nor at alkaline pHs.

4. Noninvasive MPM Fluorescence Demonstration that Nanoparticulate Zinc Oxide Sunscreen Does Not Penetrate Human Skin In Vivo {#sec4}
=============================================================================================================================

4.1. Spectral Fluorescence Imaging {#sec4.1}
----------------------------------

As mentioned earlier, our ability to perform *in vivo* imaging of zinc oxide nanoparticle penetration arose with our acquisition of a DermaInspect^®^,[@r16]^,^[@r23] which is clinically approved in Europe for imaging skin of patients *in vivo.* Spectral fluorescence imaging was carried out with the DermaInspect^®^ equipped with a femtosecond, spectrally tunable, 80-MHz-pulsed mode-locked titanium sapphire laser (Mai Tai XF, Spectra Physics) and modified with a filter wheel, allowing imaging using a range of emission bandwidth filters. An excitation wavelength of 740 nm plus a narrow bandpass filter $380/20\text{  }{nm}$ (BP380, Omega Optical) was used to specifically quantify ZnO NPs. This was compared with data from a broad band-pass filter between 350 and 700 nm (BG39, Schott glass color filter), which captures all of the skin autofluorescence but blocks the excitation laser light.[@r8] [Figure 3](#f3){ref-type="fig"} shows examples of our first acquired *in vivo* multiphoton spectral images of topically applied ZnO NPs on human skin.[@r7]^,^[@r8] Applied ZnO NPs remain on the skin surface or are deposited in skin furrows after application to the inside forearm skin of volunteers with different racial skin types \[[Fig. 3(a)](#f3){ref-type="fig"}\]. The effect of flexing on ZnO NP penetration through skin on the inside and outside wrist, again, shows that ZnO NPs remained on the skin surface and in furrows \[[Fig. 3(b)](#f3){ref-type="fig"}\], but these results are unpublished due to the considerable *in vivo* motion-related artifacts because of the relatively long acquisition times of spectral imaging, which was later resolved using MP-FLIM.[@r10]^,^[@r41] It is important to recognize that the spectral imaging method, as we introduced it, has limitations in sensitivity and selectivity at low ZnO NP concentrations when the overlapping signal from autofluorescence is overwhelming, especially from keratin, which spectrally overlaps with the ZnO NP.

![*In vivo* multiphoton spectral images of topically applied ZnO NP on human skin. (a) Observations showing skin autofluorescence (green) with ZnO NP (red) on surface SC and in furrows versus the epidermis at 0, 4, and 24 h after application to inside forearm skin for volunteers with different racial skin types (recreated with permission from Ref. [@r46]). (b) Effect of flexing on penetration through inside and outside wrist showing ZnO NP (red) on surface ($0\text{  }\mu m$) and in furrows with no ZnO NP present in epidermis ($30\text{  }\mu m$). Note the presence of motion-related artifacts in images of inside wrist.](JBO-025-014509-g003){#f3}

4.2. Fluorescence Lifetime Imaging Microscopy {#sec4.2}
---------------------------------------------

In our early MPM studies with zinc oxide, we measured its fluorescence lifetime and found that it was somewhat longer than that of the endogenous fluorophores ([Fig. 2](#f2){ref-type="fig"}; [Table 1](#t001){ref-type="table"}), as well as having a very high fluorescence intensity. We therefore sought to take advantage of the distinctive ZnO NP fluorescence differences in intensity, emission spectrum, and decay profile, recognizing that quantifying a fluorescence decay requires a fluorescence intensity detector that can measure at a resolution on the picosecond time scale. In this work, we used the Becker and Hickl time-correlated single photon counting (TCSPC) system where an FLIM image is based on the different arrival times of single photons for different fluorescent solutes after a given excitation pulse (here at 740 nm) and building up a photon distribution for each pixel in the scanned area.[@r21] We modeled our FLIM data assuming a double exponential decay profile: $$f(t) = a_{1}e^{- t/\tau_{1}} + a_{2}e^{- t/\tau_{2}}\quad\text{with  }a_{1} + a_{2} = 1,$$where $a_{1}$ and $a_{2}$ are the amplitudes and $\tau_{1}$ and $\tau_{2}$ are the fluorescence lifetimes of the fast and slow decay components, respectively. The instrument response function of each FLIM image is convoluted with the model function, $f(t)$, to obtain the function $F(t)$. The function $F(t)$ is fitted to each measured pixel to calculate and create a color-coded image of each decay parameter. In the ZnO NP analysis, a band pass filter was used to detect ZnO NPs and NAD(P)H (350 to 450 nm), whereupon the fast decay component $\tau_{1}$ from 0 to 500 ps was attributed to NAD(P)H and ZnO NPs, whereas $\tau_{2}$ from 0 to 5000 ps was attributed to NAD(P)H. The MP-FLIM decay curve of ZnO NP is shown in [Fig. 2](#f2){ref-type="fig"}. This study also established TCSPC as the methodology of choice when examining the characteristic fluorescence decay function of skin and nanoparticles. In addition, this method overcame the issues of motion artifact often seen in spectral imaging due to the change from relatively long acquisition times to image acquisition times of under 10 s with MP-FLIM.

TCSPC FLIM exponential decay data can alternatively be used to determine the signal from ZnO NPs, where values of $a_{1}\%$ from 90 to 100 are attributed to the ultrafast ZnO NP MEP \[[Fig. 4(a)](#f4){ref-type="fig"}\]. The $a_{1}\%$ from 0 to 85 arise mainly from untreated NAD(P)H and keratin, which occurs as a relatively slower MEP signal[@r42] \[[Fig. 4(b)](#f4){ref-type="fig"}\]. Lin et al., using MP-FLIM MEP analysis, showed that ZnO NPs did not penetrate normal and simulated barrier impaired skin (tape stripped, as a model for sunburn), and moreover, did not penetrate lesional or nonlesional skin of psoriasis patients, \[[Figs. 4(c)](#f4){ref-type="fig"}--[4(e)](#f4){ref-type="fig"}\].

![(a) Distinct $a_{1}\%$ signals from skin autofluorescence and ultrafast ZnO NP MEP. (a) The solid red line and red arrows indicate the maximal ZnO NP intensity of ZnO NP alone and after 4 and 24 h on the surface of the skin. (b) (left) Images of ZnO NP zinc oxide nanoparticles untreated lesional psoriatic skin, (right) autofluorescence (green) and ZnO NP (red) aggregate in skin furrows with of sunscreen-treated lesional sites based on $a_{1}\%$. The inset (in right panel) is an electron microscopy image of the individual ZnO NP with a mean diameter of 35 nm. Scale bar is 100 nm (adapted with permission from Ref. [@r42]). (c) *In vivo* MP-FLIM images of intact, tape-stripped, nonlesional, and lesional volunteer skin at different depths after 24 h treatment.[@r12] These color images depict the autofluorescence as blue ($a_{1}\%$ 0 to 85) and ZnO NP as green-red ($a_{1}\%$ 90 to 100) in volunteer skin. The gray scale insets are intensity-only images. Scale bar is $100\text{  }\mu m$. (d), (e) ZnO NP penetration profiles, excluding furrows, in (d) nonlesional and (e) lesional volunteer skin, using $a_{1}\%$ 90 to 100 normalized to the region of interest area to quantify ZnO NP signal (adapted with permission from Ref. [@r12]). \*$p$ value of $> 0.005$ when compared with untreated skin.](JBO-025-014509-g004){#f4}

We have also used MP-FLIM to show that there was no skin penetration of gold nanoparticles[@r43] and MPM localized surface plasmon resonance signal to demonstrate no skin penetration of silver nanoparticles.[@r44]

4.3. Second Harmonic Generation {#sec4.3}
-------------------------------

Both MP-SHG/HRS and MP-FLIM have been used to quantify the concentration of ZnO NPs in the applied sunscreen with the use of standard curves and have resulted in similar resolutions of ZnO NPs. Autofluorescence arising from the skin needs not overlap the signal of interest from ZnO NPs, separated by spectral filters, fluorescence lifetimes, and physical location. At an excitation wavelength of 760 nm, SHG radiation from the ZnO NPs can be detected at half the excitation wavelength (380 nm) quasi-instantaneously with a narrow spectral width and separated from the autofluorescence of the collagen-rich dermis, which appears at much higher emission wavelengths for this same excitation wavelength. We generated an SHG/HRS from ZnO NPs on a nonlinear optical microscope by excitation of samples at 770 nm and then used specific narrow band filters and direct imaging of ZnO NPs to show that ZnO NPs do not penetrate human skin.[@r45] FLIM can be enhanced using TCSPC in conjunction with SHG to identify the ZnO NPs.

Darvin et al.[@r14] used spectral tuning to demonstrate ZnO NP SHG/HRS. They showed that the signal that prominent emission peak was always half the excitation wavelength used to excite ZnO NPs and that an excitation of 760 nm was optimal. They further suggested that the two-photon-induced fluorescence we had previously observed can be neglected. They went on to use their SHG/HRS method to conclude that, with a detection limit of $< 0.08\text{  }{fg}/\mu m^{3}$ and a signal-to-noise ratio of $\sim 10$, ZnO NPs penetrate only into the outermost layers of SC in furrows, and into the orifices of the hair follicles and do not reach the viable epidermis. This paper claimed an $\sim 100$-fold greater sensitivity than we had reported; however, the calculations, presented in a cubic micron volume as opposed to our reported sensitivity in a two-dimensional focal plane, are in fact very similar. Our estimated sensitivities, measured on a glass slide, were in the ranges of 0.51 to 1.2 and 0.13 to $0.5\text{  }{mg}/{mL}$ for coated and uncoated ZnO NPs, respectively.

It is important to recognize that the reason why ZnO NPs do not penetrate the human skin is that they do not exist as individual nanoparticles per se but, especially in sunscreen products, are bound together as porous aggregate clusters, as we have shown in our scanning electron micrography characterization of ZnO NPs.[@r6] As a consequence, these ZnO NP aggregates differ from the larger white ZnO particles in retaining the transparency conferred by being formed from ZnO NPs. In practice, ZnO NPs used in sunscreens are either uncoated or coated with silicone derivatives, such a triethoxycaprylylsilane or other agents. Coated ZnO NPs enable easier mixing with other ingredients and easier and more even spreading of the resulting ZnO NPs on the skin and, in principle, are less photoreactive. Such coating may also protect the luminescent centers of ZnO NPs.[@r22] Our work has also shown that these coatings may affect ZnO NP fluorescence lifetimes. We found that the uncoated ZnO NPs have a mean $\tau_{1}$ lifetime of 150 ps and a $\tau_{2}$ lifetime of 860 ps whereas coated ZnO NPs have a mean $\tau_{1}$ lifetime of 250 ps and a $\tau_{2}$ lifetime of 1400 ps.[@r9] Darvin et al. also claimed to be able to distinguish between the particulate (ZnO NP) and dissolved (${Zn}^{+ +}$) forms of Zn but presented no information on any analytical results that they had obtained for dissolved zinc ions.

4.4. Phosphorescence Lifetime Imaging Microscopy Measurements via Photoluminescence Offset {#sec4.4}
------------------------------------------------------------------------------------------

The need to improve specificity as well as the detection limit of the ZnO NP signal was a strong motivation to develop newer and more reliable methods. In our early studies, we showed that uncoated and coated ZnO NPs had very long phosphorescence lifetimes ([Fig. 5](#f5){ref-type="fig"}). These phosphorescence lifetimes for ZnO NPs are incompatible with imaging using FLIM because phosphorescence is a radiative relaxation mechanism, which takes place over a much longer time scale than fluorescence so that its emission is incomplete when the next laser excitation pulse arrives in the usual FLIM modeling. Becker & Hickl applied this finding to create their FLIM/phosphorescence lifetime imaging microscopy (PLIM) system, which can modulate on/off synchronously the high-frequency-pulsed laser beam used to scan a sample.[@r45] Whereas FLIM data are acquired during scanning with the usual series of FLIM excitation pulses, PLIM is a slower process, requiring both a continuous accumulation of phosphorescence to quasisteady state through repeated pulsing of the ZnO NP during this initial FLIM phase followed by a phosphorescence decay when the pulsing is stopped over milliseconds. The Becker & Hickl device modulates the laser to both acquire the phosphorescence for materials of interest during the ON FLIM phase and then turns off the laser at a defined time to record phosphorescence imaging count rates for at least $100\text{  }\mu s$, much longer than the usual $0.01\text{  }\mu s$ used for MP-FLIM imaging.[@r44]^,^[@r47] While this commercialized PLIM system has been used in a number of studies,[@r48] including unpublished *in vitro* skin studies on our Adelaide Zeiss 710 instrument, we are not aware of any studies using the commercial FLIM/PLIM device for *in vivo* human skin imaging.

![Fluorescence decay fit curves of ZnO NP: (a) fast decaying photoluminescence collected over 10 ns and (b) direct lifetime measurement using phosphorescence lifetime imaging (PLIM) collected over $10\text{  }\mu m$. Reproduced with permission. (c) The enhanced background signal seen at $\text{time} = 0\text{  }{ns}$ is related to the ZnO NP concentration where the signal has accumulated due to the repeated laser pulsing to create an "offset" that results in a more sensitive multicomponent fit of the data. The multicomponent fit of PLIM is less sensitive because there is loss of photons over a longer period, up to $10\text{  }\mu s$ when the decay returns to background conditions. (d) Schematic of the ZnO NP lifetimes as quantified by a quasicontinuous accumulation of steady-state photoluminescence. (d) Representative multiphoton images of uncoated and coated ZnO NP *in vitro* and topically applied to *in vivo* human skin for 6 h for signal isolation and quantification. "Offset" values $< 5$ counts are shown in grayscale and include cellular autofluorescence, while "offset" values above the autofluorescence- "offset" level were assigned to ZnO NP (red). $\text{Scale\ bar} = 40\text{  }\mu m$. With permission from Refs. [@r11] and [@r46].](JBO-025-014509-g005){#f5}

Given that the commercial FLIM/PLIM device was not available on our Brisbane DermaInspect^®^ instrument, we sought an alternative solution to quantifying ZnO NP by its phosphorescence using *in vivo* human skin imaging. The commercial FLIM/PLIM device measures the PLIM decay after turning off the repeated laser pulses once the steady-state photoluminescence has been reached. What we realized is that this steady-state photoluminescence will be an additional background noise to that seen before the laser excitation of ZnO NP that is also a means of quantifying ZnO NP, as shown in [Fig. 5(c)](#f5){ref-type="fig"}. Here, it is seen that the ZnO NP slow decaying photoluminescence accumulates as an enhanced background signal and can be quantified as a measurable "offset" in the recorded decay background. This amount of offset, in turn, can then be used as a measure of the amount of ZnO NPs present in the tissue when adjusted for the cellular autofluorescence \[[Fig. 5(d)](#f5){ref-type="fig"}\].

5. Using MPM to Address Consumer Concerns about Safety of Nanoparticulate Zinc Oxide {#sec5}
====================================================================================

A number of very thoughtful articles have argued that nanoparticulate sunscreens should not be used until we have resolved a number of hitherto unanswered questions, such as how safe are these sunscreens when applied under "in use conditions."[@r5]^,^[@r37]^,^[@r49] They promote a precautionary principle, which restricted the use of inorganic nanoparticle sunscreens until there was sufficient data to prove their safety.

We systematically sought to apply our MPM technologies to quantifying the penetration of ZnO NPs into human skin to address the specific examples raised by Friends of the Earth and Faunce et al., including how safe is it to apply nanoparticulate zinc oxide to flexed, occluded, damaged, and diseased skin in multiple dose studies. [Figure 6](#f6){ref-type="fig"} summarizes the various conditions that were mapped in these studies. One research approach was to try to match the formulations of products currently on the market and apply protocols that would inform "in use conditions." Hence, three formulations representing the most abundant classes of commercial topical products were batch manufactured at laboratory scale, and ZnO NPs were suspended in these vehicles at 10% (w/w) and then assessed. One of the highlights of this work was that the concentrations of ZnO NPs in the furrows and viable epidermal cellular region was semiquantitatively assessed and reported.[@r13] A greater concentration of ZnO NP (\>eightfold) could be detected in the furrows when compared with the surface of the SC. As it has been claimed that furrows can act as reservoirs for dissolved drugs and small molecules,[@r50] this observation is highly significant. However, nanoparticles, even those that accumulate in furrows, have been demonstrated to be easily washed off even from wounded skin.[@r51] Another important concern arose from studies with beryllium particles, which illustrated that skin flexing could loosen SC and thereby pose a penetration risk.[@r52] This work informed the massage and flexing studies that we undertook to assess their possible effect on enhancement of nanoparticle penetration. Hence, a customized study was designed to explore the effects of massage and skin flexing on ZnO NP penetration during topical product application and day-to-day activities.[@r10] [Figure 7](#f7){ref-type="fig"} shows how flexing and massage caused no nanoparticle penetration, with the two outlier values known to be measurements from sebaceous glands rather than deeper viable skin layers. We concluded that there was no evidence for the physical forces generated by massage and flexing, routinely met in normal sunscreen use, to enhance the skin penetration of ZnO NP. We also studied the effects of repeated treatment on ZnO NP penetration in human volunteers. MPM and MP-FLIM once again demonstrated a lack of ZnO NP penetration after (1) six hourly repeated applications within a day and (2) daily application for 5 consecutive days. Simultaneous SHG detection of the intact nanoparticles on the skin surface conclusively verified no nanoparticle penetration.[@r13]

![Assessment of nanoparticulate sunscreens. Drug, drug product, and skin conditions.](JBO-025-014509-g006){#f6}

![Penetration of topically applied uncoated and coated ZnO NP within the stratum granulosum layer of human skin *in vivo* following application with flexing and massage. (a) Representative FLIM images of SG of human skin following flexing (top) and massage (bottom). Images are pseudocolored by offset values to distinguish cellular autofluorescence (green) and ZnO NP signal of the long luminescence component (violet-yellow-white). $\text{Scale\ bar} = 40\text{  }\mu m$. (b) Quantification of ZnO NP (% of applied dose) in regions of interest in the SG of all volunteers ($n = 5$). Used with permission from Ref. [@r10].](JBO-025-014509-g007){#f7}

6. Using MPM to Show Conversion of Nano Zinc Oxide to Zinc Ions and Their Absorption into Viable Epidermis {#sec6}
==========================================================================================================

Akin to the efforts to directly image the location of applied ZnO NPs, we also sought to directly image the location of zinc ions relative to the ZnO NPs. For this, we employed ZinPyr-1 (ZP1), a dye that fluoresces in the presence of labile zinc. [Figure 8](#f8){ref-type="fig"} shows an example of our imaging studies in which we simultaneously imaged the ZnO NPs and ZP1--zinc complex after application of ZnO NPs to *ex vivo* human skin followed by product removal. It is evident that ZnO NPs had accumulated on the skin surface within a skin furrow when measured by their SHG (excitation at 800 nm and emission at 370 to 410 nm) \[[Fig. 8(a)](#f8){ref-type="fig"}\]. However, there was no detectable SHG signal within the viable epidermis, demonstrating that the ZnO NPs do not cross the skin barrier. [Figure 8(b)](#f8){ref-type="fig"} validates the presence of ZnO NPs in the furrows. Importantly, there is a natural residual amount of ZP1--zinc complex in the viable epidermis, which is also seen in control skin (ZP1--zinc complex excitation at 488 nm and emission at 520 to 560 nm) \[[Fig. 8(c)](#f8){ref-type="fig"}\]. [Figure 8(d)](#f8){ref-type="fig"} shows that the intensity of this ZP1--zinc complex is much brighter after application of ZnO NPs to the skin, especially adjacent to the furrows where the ZnO NPs are found, confirming zinc ion penetration into the viable epidermis after its formation on the breakdown of nanoparticulate zinc oxide. The process of conversion of zinc oxide to zinc ions and absorption into the viable epidermis and thence into the body is shown in [Fig. 8(e)](#f8){ref-type="fig"}.

![MP-SHG and MP-FLIM images of cryosection *ex vivo* human skin after 48 h of applied sunscreen containing ZnO NPs followed by product removal. (a) MP-SHG signal for ZnO NPs (pink) had accumulated within the skin furrow. (b) Transmission image of skin labeled with SC for SC and VE for viable epidermis (gray). (c) MP-FLIM ZP1 fluorescence signal (blue-green). (d) Overlay of all channels. (e) Conversion of zinc oxide to zinc ions on the surface of the skin or in the SC and relative penetration into viable epidermis. Reprinted with permission from Ref. [@r30].](JBO-025-014509-g008){#f8}

Our findings are significant in the context of two other publications using zinc ions as a surrogate measure for ZnO NP penetration of human skin. While Cross et al. reported that no ZnO NPs penetrated beyond the outer skin SC surface, using electron microscopy, they found that nonsignificant, low concentrations of zinc ($\sim 0.03\%$ of applied dose) had permeated across the isolated human epidermis. Consistent with their findings, Gulson et al. reported a small increase in ^68^Zn within the blood and urine that increased over 5 days after topical application of the stable isotope^68^ Zn-enriched ZnO NPs on human skin under "in use conditions."[@r53]^,^[@r54] Our MPM findings using SHG detection for ZnO NP for ZP1--labile zinc complexes ([Fig. 8](#f8){ref-type="fig"}) show that only solubilized zinc penetrates to the viable epidermis after topical ZnO NP application and the amount of zinc absorbed is extremely low relative to the baseline level of zinc in the skin.

7. Characterizing Viable Epidermal Morphology and Redox State by MPM in Assessing the Safe Use of Topical Zinc Oxide Nanoparticles {#sec7}
==================================================================================================================================

In 2011, we began using MP-FLIM to simultaneously analyze the fluorescence lifetime behavior of NAD(P)H and FAD as metabolic markers of the viable epidermal cellular redox state and health in relation to potential adverse effects caused by ZnO NP in human *in vivo* skin.[@r8][@r9][@r10][@r11][@r12]^--^[@r13] This work was important as Sharma et al. and Akhtar et al. had previously reported that *in vitro*, the preliminary mode of ZnO NP toxicity on human liver cells and human cancer, is due to selectively induced apoptosis and ZnO NPs are able to induce DNA damage on human epidermal keratinocytes,[@r55][@r56]^--^[@r57] but this has not been shown to be true *in vivo*. We and others have demonstrated that apoptosis is associated with an increase in the mean fluorescence lifetime of NAD(P)H and a decrease in the free-to-bound NAD(P)H ratio.[@r58][@r59]^--^[@r60] Hence, using the same principles of metabolic analysis, we have demonstrated that, after treatment with ZnO NPs, the occurrence of normal fluorescence lifetimes in the skin epidermal region is a sign of the normal metabolic state of the cells and lack of penetration of ZnO NPs. [Figure 9](#f9){ref-type="fig"} shows the average mean fluorescence lifetime of NAD(P)H in untreated and ZnO NP-treated human volunteer skins from experimental data of our repeated application of ZnO NPs study.[@r13] Had the nanoparticles penetrated and reached the epidermal cells at high enough concentrations to cause apoptosis, our sensitive analytical techniques would have been ideally suited to record a change in the metabolic indicators.

![*In vivo* NAD(P)H average lifetimes of $\tau_{m}$ and $a_{1}/a_{2}$ of human skin either untreated or treated with coated ZnO NPs (a) repeated six times a day and (b) repeated once a day for five days, demonstrate no change in the cells of the stratum granulosum. The ZnO NPs in the furrow is seen to possess a higher $a_{1}/a_{2}$ ratio (red arrow). Data from Ref. [@r13] reanalyzed.](JBO-025-014509-g009){#f9}

8. Conclusion {#sec8}
=============

After a decade of using MPM to show the negligible human skin penetration of mineral nanoparticle sunscreens, these UV protective agents are now starting to be promoted ahead of the traditionally used organic sunscreens. Recently, a small randomized clinical trial of 24 healthy volunteers was conducted to determine bloodstream concentrations of four active ingredients (avobenzone, oxybenzone, octocrylene, and ecamsule) in four over-the-counter cream, lotion, or spray formulations of chemical sunscreens.[@r61] It was found that all of the products resulted in plasma concentrations of the active ingredients that triggered a requirement by the FDA for further systemic safety testing. The limitations of this study are that the sunscreens were not exposed to heat, sunlight, humidity, or normal activity and did not include a range of skin types, which may affect the rate of sunscreen absorption. Subsequently, the FDA has published proposed rules for sunscreen drug products for over-the-counter human use (21 CFR § 201, 310, 347, and 352 2019) and have recommended that zinc oxide and titanium dioxide-based sunscreen products containing up to 25% these ingredients are safe for human use. Sunscreens with active ingredients aminobenzoic acid (PABA) and trolamine salicylate have risks that outweigh their benefits. Further testing is required for the use of cinoxate, dioxybenzone, ensulizole, homosalate, meradimate, octinoxate, octisalate, octocrylene, padimate O, sulisobenzone, oxybenzone, and avobenzone.

In conclusion, the culmination of our studies of noninvasively imaging the penetration of nanoparticulate zinc oxide across normal and disordered human skin under various "in use conditions" with MPM has shown that ZnO NPs are unlikely to penetrate the outermost layer of the skin, the SC. This has, in turn, allowed us to help answer the pressing and important toxicological question of nanoparticle sunscreen safety. This was only possible through the foresight and perseverance of Karsten König and his team at JenLab in creating and obtaining the CE registration for the DermaInspect^®^ to image human skin, as well as the important ingenious contributory work of Wolfgang Becker in creating the TCPSC FLIM system to provide us with the technology that has underpinned our work. We have been fortunate to have the expertise and interest to apply this MPM technology to better understand the safety of ZnO NPs. This has led us to use six different MPM methods for ZnO NP detection over more than ten years in our quest to document the safety, or otherwise, of ZnO NP-based sunscreens. As it turns out, with the recent concerns raised about organic sunscreens, our work may have been timely for the beach going and sun-seeking consumer who now has access to recommended zinc oxide or titanium dioxide-based sunscreens that are their best protection from sunburn, photoaging, and future skin cancers.
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